Abstract. The solidification path of Al-Cu-Si alloys in the Al-rich corner are investigated. The thermodynamic data needed in the calculation are obtained by direct coupling with the CALPHAD software Thermo-Calc. A paralell experimental investigation is conducted to validate the prediction results. The calculated results show that, the sensitivity of the variations in the solidification paths to the cooling rates are depended on the distance of the initial compositions from the binary eutectic troughs or the ternary eutectic point. Reasonable agreements are observed between the predicted amounts of θ-phase and the measured results.
Introduction
Almost all the metallic engineering structural materials are in a multicomponent alloy form and most of them will undergo a dendritic solidification process under various cooling conditions. During these nonequilibrium solidification processes, not only certain microsegregation will form inside the dendrite arms, but also several kinds of secondary phases will usually present even at an extremely low cooling rate [1] . In particular, the types and amounts of the formed secondary phases may significantly change the mechanical properties of the solidified alloy both at room and elevated working temperatures [2] . Therefore, accurate prediction for the solidification path of a multicomponent alloy and the amounts of the secondary phases presented under a given solidification condition is critical in understanding and controlling the performances of the solidified alloy. Due to their lightweight, excellent castability and mechanical properties, Al-Cu-Si alloys, such as type 319 alloys [3] , are of interest for application in automotive components and aerospace technology. Their corrosion resistance is superior to that of Al-Cu alloys, and their strength is better than that of Al-Si alloys [4] . However, the studies on Al-Cu-Si alloys focused on assessment of Thermodynamic Data [3] and simulation of macrosegregation [5] . And the investigations on the solidification paths and microsegregation behaviors of Al-Cu-Si alloys are relatively few. In this paper, the solidification paths in a series of Al-Cu-Si alloys of different compositions (including A319) in the Al-rich corner are calculated. The parallel solidification experiments with Al-Cu-Si alloy specimens of different Cu and Si compositions, cast in different materials molds, are carried out to validate the prediction results.
Model Descriptions
In Ref. [6] a multicomponent/multiphase model for predicting the microsegregation of ternary alloys was proposed. This model introduced an unified microscale parameter Ф takes a general function form to account for all the possible influential factors, including the partition coefficient, the solid fraction, solid diffusion coefficient, dendrite geometrical morphologies and solidification rate, etc. In present study this model is used for calculating the solidification path of Al-Cu-Si alloys. The model can be expressed in the form by Eq. 1~Eq. 3 which describe the three solidification stages of ternary eutectic alloys: primary solidification, binary eutectic solidification and ternary eutectic solidification. More details of the model and the algorithm for calculating the solidification paths of ternary eutectic alloys cen be seen in Ref. [6] . The algorithms closely couples with a commercial software Thermo-Calc in order to directly access to the thermodynamic data needed in the computations. 
Calculation result and discussion
The solidification paths of ten Al-Cu-Si alloys are calculated in this paper and the compositions are listed in Table 1 . The calculation parameters are obtained from the experiment which will be described in the next section. It should be pointed out that the alloys G, H, I, J are four designed computational alloys. Figure 1 shows the calculated solidification paths for all the ten investigated Al-Cu-Si alloys under different cooling conditions: graphite mold, sand mold, insulated mold, and the two limit conditions of Scheil model and Lever-rule. It can be seen that the solidification paths of alloys B, C, F and G run down the liquidus surface from the liquidus temperature until meet the binary trough of (L+α+Si), and reached the ternary eutectic point of (L+α+θ+Si) at the end of the solidification. Therefore the solidification path of alloys B, C, F and G are (L+α)→(L+α+Si)+(L+α+θ+Si). However, the solidification paths of alloys A, D, E, H and I meet the binary trough of (L+α+θ), therefore the solidification paths of these alloys are (L+α)→(L+α+θ)→(L+α+θ+Si). For alloy A, the solidification path of Lever-rule finished in the solidification of phase α, so the solidification path is (L→α). For the designed composition of alloy J, the solidification path of Scheil model is (L+α)→(L+α+Si)→ (L+α+θ+Si), but the solidification paths of the other cooling conditions finished at the liquid surface (L→α), with the final concentrations of Cu increased with the increasing of cooling rate. It can be seen from the calculated results shown in Figure 1 , the sensitivity of the variations in the solidification paths to the cooling rates are depended on the distance of the initial compositions from the binary eutectic troughs or the ternary eutectic point. 
Experiment validation
The experimental materials for the six ternary Al-Cu-Si alloys (A~F) are prepared with pure Al, Cu and Al-Si master alloys by ingot metallurgy in a graphite crucible in a resistance furnace. To create widely different cooling rates for the investigated alloys, the melts for the each experimental alloy are cast into three molds with the same inner specimen dimensions but made of different materials: graphite, sodium silicate sand, and alumina-silicate-fiber felt (a "thermal-insulated" material), respectively. The cooling curves for each specimen are measured using calibrated K-type thermocouples. High-resolution BSE images of microstructures are captured by a Hitachi S-4700 Scanning Electron Microscope. The images are used for measurements of the amounts of eutectic phases using a quantitative image analysis program (Image-Pro Plus 6.0) [7] . Figure 2 shows the measured cooling curves for alloy F solidified in different molds. It can be seen that the cooling rates of alloy F solidified in the three different molds vary in a range of about three orders of magnitude. The typical microstructures for the solidified alloy F are dendritic as shown in Figure 3 (a) for the graphite mold and in Figure 3 (b) for the insulated mold. In each of the BSE images, the bright regions are θ (Al 2 Cu). For the present experimental specimens F, the binary eutectic is (α+Si), while the fine ternary eutectic are (α+θ+Si). Since the phase features and the microstructure patterns for all the phases possibly formed in a solidified Al-Cu-Si alloy in the Al-rich corner are well known, the solidification paths for each specimen can be readily determined from the corresponding microstructure images. In the present study, the solidification path of alloy B, C and F is (L+α)→(L+α+Si)→(L+α+θ+Si), and (L+α)→(L+α+θ) →(L+α+θ+Si) for alloy A, D and E , which are the same with the calculated results in Figure 1 . Figure 4 shows the comparison of the volume fractions of alloy F solidified in different conditions between the calculated and measured results including the limit conditions of Lever-rule and Scheil conditions. It can be seen that the volume fractions of ternary eutectic phases are increased with the increasing of cooling rate, and the calculation results are well agreed with the experiment values.
Summary
The solidification paths of ten ternary Al-Cu-Si alloys including six experimental alloys and four designed compositions are investigated. The thermodynamic data needed in the calculation are obtained by direct coupling with Thermo-Calc. Solidification experiment of the six Al-Cu-Si ternary alloys is carried out using three kinds of molds which obtained different cooling rate varied in a range of three orders of magnitude. Reasonable agreements are observed between the predicted amounts of ternary eutectic and the measured results. The calculated results show that, the sensitivity of the variations in the solidification paths to the cooling rates are depended on the distance of the initial compositions from the binary eutectic troughs or the ternary eutectic point.
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